Young-Kyu CHOI•õa), Member SUMMARY A new mesh reconstruction technique, called dividing virtual belt algorithm (DVBA), is proposed for approximating the surface from a set of wire-frame contours. DVBA decomposes the branching region into a set of virtual belts and virtual canyons. A tiling technique based on the divide-and-conquer strategy is also introduced to approximate the surfac from the virtual belt, and the virtual canyons are covered by a convention polygon triangulation technique. The experimental result shows that our method works well even though there are many complicated branches in the object.
Introduction
The surface interpolating problem from a set of wire-frame contours, called contour triangulation, is very important in a wide range of fields such as medical imaging and computer animation. This problem becomes more difficult to solve if there are lots of branches on the surface and the shape of the contours vary widely. This letter addresses a new technique for handling the branching problem of contour triangulation.
A branching problem occurs when a contour in one slice should be connected to a group of contours in the adjacent slice. Figure 1 (a) shows a typical branching situation: Cr of slice 1 branches into Cb1 and Cb2 of slice 2. Various algorithms have been suggested to reconstruct polyhedral surface from the branching contours. Various kinds of multiple branch handling schemes.
Christiansen et al. [1] used a bridge to merge the two branch contours ( Fig.  1(b) ) and Meyers [2] used the scheme shown in Fig. 1 In this letter, we focus on the conventional contour triangulation problem, and propose a new efficient scheme for handling branch surfaces. Although, the basic strategy is similar to [5], [6], our method tries to provide simpler and more consistent branch handling scheme with a robust tiling technique as depicted in Fig. 1(f) .
This letter organized as follows. Our method for handling the branching problem, which is based on decomposing the branching region into a set of virtual belts and virtual canyons, is provided in Sect. 2. The surface reconstruction scheme from virtual belt and virtual canyon is introduced in Sect. 3. Experimental results are given in Sect. 4, and Sect. 5 concludes this letter.
Handling Multiple Branching
The basic strategy of our method is to simplify the branching problem into a set of sub-problems: surface reconstruction from a set of virtual belts and virtual canyons. The virtual belt (VB), defined by a pair of vertex chains from adjacent slices, represents the similar portion of contours. The surface on which the branch occurs can be regarded as the virtual canyon (VC). We propose an algorithm for decomposing the branching contours into VBs and VCs based on the connected color grouping strategy.
Assume that a branching problem is given as follows: Step 3: For each vertex chain Chik construct the corr sponding vertex chain Chjk+1 from one of the branch co tours. Since the two end vertices of Chik have the nearest vertices from same branch contour (same color), the corresponding vertex chain can be easily extracted from the two end spans.
Step 4: For each pair of the corresponding vertex chains, construct a virtual belt, denoted as VB=(Chik,Chjk+1).
Step 5: Construct the virtual canyons with all of the remaining vertex chains which are not involved in any VB. All of the terminal spans of VBs should be also involved in the virtual canyons. Notice that the order of the vertices in the remaining chains of Brk+1 should be reversed (clockwise) to make a counter-clockwise closed loop defining a virtual canyon. Actually the virtual canyon is not a planar polygon because some vertices are from the root contours while the others are from the branch contours. Figure 2 illustrates our scheme for handling a quadruple branching situation from the pelvis data. After coloring each vertex (Step 1), the root contour in the lower section is divided into 6 vertex chains during Step 2.
Step 3 extracts the corresponding vertex chains from the 4 upper contours, and
Step 4 constructs the 6 independent virtual belts as shown in Fig. 2 (b) . Finally, the virtual canyons are defined from the 3 remaining regions (shaded regions) during
Step 5. The final surface interpolating the branching contours can be acquired by tiling the surfaces from the VBs and VCs, independently.
Tiling Method
Now, the branching problem is reduced into a set of subproblems: surface from virtual belts and virtual canyons.
Tiling the Virtual Belts
The mesh generation task from a virtual belt is similar to the tiling problem: surface reconstruction from a pair of contours. Fuchs [9] introduced the toroidal graph to describe this problem. A node of the graph represents a span, and a directed arc represents a triangular surface patch. An acceptable path defines a surface configuration between the two associated contours. In surface reconstruction from a virtual belt, the toroidal graph can be reduced into a planar rectangular mesh since the initial and the final spans are given.
Lots of techniques have been proposed for finding an acceptable path in the toroidal graph. Some algorithms, called optimal methods, use global graph searching techniques to find an optimal path [9] . Although they may produce best results for the selected criterion, they are very time consuming. To reduce the computational cost, heuristic methods, which use only local information, have been proposed [1] . They tried to select the next span sequentially from the two possible spans using local information such as the span length (MSA: Minimum Span Algorithm). Most of them can approximate the surface very fast and produce acceptable facet model if the contours have similar shapes and orientations. But if not, the reconstructed facet model becomes very unnatural. In this letter, we adopted our previous solution for the tiling problem [10], called the Band Partitioning Algorithm (BPA). Like the polygonal approximation method proposed by Ramer [11], BPA iteratively divides the band (the virtual belt) into a pair of sub-belts using the maximum deviation criterion as shown in Fig. 3(b) . In our problem, the initial span selecting step is not necessary because the two end spans are given. For a given virtual belt, the triangular surface patches can be generated by decomposing the belt iteratively until there are one vertex in a chain and two vertices in the corresponding chain.
Compared with the conventional heuristic scheme which sequentially defines the next span from the two possible spans as depicted in Fig. 3 (a) , it handles eccentric parts (maximum deviation points) of the contours before normal parts with more global information. Consequently, it can prohibit drastic error propagation in surface definition process.
Tiling the Virtual Canyons
To cover the virtual canyon, lots of conventional polygon triangulation techniques can be adopted to the projection of polygon into the xy-plane. But in the case of a virtual canyon, the polygon can not be convinced to be simple because the projection of the virtual canyon may have some self-intersections. Furthermore it may contain some nested contours (holes) if any vertices of a branch contour does not involved in the virtual belts. Thus we adopted the triangulation method proposed by Held [12] . It is based on the earclipping process and can triangulate any type of polygonal input data. By covering the virtual canyons with the triangular patches, an approximation of the branching surface can be acquired.
Experiments
The proposed algorithm has been implemented in C++, and runs on a Pentium-PC under Windows-XP. For the experiment, we used hip joint and pelvis data with some synthetic contours. Figure 4 shows the reconstruction result for the pelvis data sliced in 16 parallel planes. The contour at slice 1 is branched to four contours at upper slice, and the four contours at slice 7 are merged into two contours at upper slice. As shown in (c), our method handles the branching region very well. Synthetic data (quintuple branching): (a) rendering result, and (b) reconstructed mesh in wireframe view. Figure 5 shows a human hip joint (14 slices) with a double branching region between slice 5 and slice 6. As shown in (d), the minimum span algorithm (MSA) [1] , which is a typical heuristic tiling method, produces some crucial deformation (elongated triangular patches) in facet model. Compared with MSA, our tiling scheme provides better surface as shown in (c). The original slices, the reconstructed facet model are shown in (a) and (b), respectively. Figure 6 shows a synthetic example of a quintuple branching surface. Our branch handling scheme decomposed the surface into 5VBs and one VC, and the facet model was produced by the tiling method. Table 1 summarizes the reconstruction result. Overall processing time was less than 100 seconds in Pentium 2.0MHz PC. Table 1 Summary of the experimental results.
Conclusion
To handle the branching problem, DVBA decomposes the branching region into a set of virtual belts and virtual canyons. It is based on the connected color grouping strategy, and does not adopt any distance threshold or set of complicated constraints to define the virtual belts. A tiling technique based on the divide-and-conquer strategy is also introduced to extract the surface patch from a virtual belt, and the virtual canyons are covered by a conventional polygon triangulation technique. The experimental result shows that our branch handling and tiling schemes work well even though there are many complicated branches in the object.
